Edema is a symptom that results from the abnormal accumulation of fluid in the body. The cause of edema is related to the level of aquaporin (AQP)2 protein expression, which regulates the reabsorption of water in the kidney. Edema is caused by overexpression of the AQP2 protein when the concentration of Na + in the blood increases. The rhizome of Atractylodes macrocephala has been used in traditional oriental medicine as a diuretic drug; however, the mechanism responsible for the diuretic effect of the aqueous extract from A. macrocephala rhizomes (AAMs) has not yet been identified. We examined the effect of the AAM on the regulation of water channels in the mouse inner medullary collecting duct (mIMCD)-3 cells under hypertonic stress. Pretreatment of AAM attenuates a hypertonicity-induced increase in AQP2 expression as well as the trafficking of AQP2 to the apical plasma membrane. Tonicityresponsive enhancer binding protein (TonEBP) is a transcription factor known to play a central role in cellular homeostasis by regulating the expression of some proteins, including AQP2. Western immunoblot analysis demonstrated that the protein and mRNA expression levels of TonEBP also decrease after AAM treatment. These results suggest that the AAM has a diuretic effect by suppressing water reabsorption via the downregulation of the TonEBP-AQP2 signaling pathway.
Introduction
The kidney tightly regulates the amount of water to be excreted in the urine by reabsorbing up to 99% of the water that is filtered in the glomerulus. Body fluid osmolality is achieved and finely regulated by a number of cellular and molecular processes, including tubular reabsorption of water and sodium through renal water channels and sodium transporters under the tight control of hormones and nerves along with intracellular signaling pathways [1, 2] . Aquaporins (AQPs) are water-selective membrane proteins that are active in tissues that are involved in a high level of water transport in the kidney [3] . At least 8 AQPs are expressed in the kidney and are important with respect to its physiological and pathophysiological aspects [4] . AQPs maintain the extracellular fluid compartment of living cells by regulating water and ion homeostasis [5] . Water transport across kidney tubules and microvessels is important for the reabsorption of water filtered by the glomerulus and for the formation of concentrated urine, which involves countercurrent multiplication and exchange mechanisms and vasopressin-regulated water permeability in the collecting duct. AQP1 is expressed in the cell plasma membrane in the proximal tubule, the thin descending limb of Henle epithelia, and descending vasarecta endothelia [6] . AQP1 facilitates the reabsorption of water in these tubule sections and plays an important role in the countercurrent multiplication process needed to concentrate urine [7, 8] . AQP2 is expressed in the principal cells of the kidney collecting duct, where it is stored in an intracellular compartment located beneath the apical cell membrane. The intracellular trafficking of AQP2 plays an important role in the regulation of urine concentration [9] . AQP3 is constitutively localized in the basolateral membrane of the principal cells of the collecting ducts. This water channel, in parallel with AQP4, facilitates water entry into the interstitium. Vasopressin and aldosterone increase AQP3 expression, whereas insulin decreases AQP3 transcription [10] . In the collecting duct principal cells, its main site of action in the kidney, water reabsorption is regulated by cAMP-dependent translocation of AQP2 from intracellular vesicles primarily into the apical cell membranes [11] . Thus, the expression and targeting of AQP2 are regulated by hypertonic stress in these cells [12, 13] . Transcription factors are also involved in the regulation of AQP2 water permeability. Tonicity-responsive enhancer binding protein (TonEBP) is an essential regulator of AQP2 expression in the principal cells of the renal collecting duct. During antidiuresis, renal medullary cells adapt to the hyperosmotic interstitial environment by increased expression of osmoprotective genes, which is driven by a common transcriptional activator, tonicity-responsive enhancer binding protein (TonEBP) [14] . However, it is not clear that the complicated mechanisms are induced by hypertonic stress in renal medullary cells.
In a screening study of renal homeostasis involving traditional oriental medicine (TOM), we found that Atractylodes macrocephala exhibited significant AQP activity. The A. macrocephala Koidz rhizome (Baizhu) is one of the most popular Oriental medicinal plants, with a long history of the treatment of splenic asthenia, anorexia, edema, excessive perspiration, and abnormal fetal movement. Chemical analysis of the A. macrocephala rhizomes demonstrated that the main active constituents are sesquiterpenes and acetylenic compounds [15, 16] , which have been proven to possess antitumor and anti-inflammatory activities [17, 18] . However, the mechanism responsible for the diuretic effect of A. macrocephala rhizomes has not yet been identified.
Our study was performed to determine the possible effects of the aqueous extract from A. macrocephala Koidz (AAM) on the water channel regulation response to hyperosmotic stress in mouse inner medullary collecting duct (mIMCD)-3 cells.
Materials and Methods

Preparation of A. macrocephala Extract.
Dried A. macrocephala rhizomes were purchased from the herbal medicine cooperative association of Chonbuk Province, Korea, in March 2010. A voucher specimen (no. HBF131-05) was deposited at the Hanbang Body-Fluid Research Center, Wonkwang University, Korea. Dried A. macrocephala rhizomes (200 g) were boiled in 1.5 L of distilled water for 2 h. The aqueous extract was centrifuged at 890 ×g for 20 min at 4
• C and concentrated using a rotary evaporator. The supernatant extract was lyophilized, and a powder was obtained (yield, 21.11 g), which was stored at 4
• C until use. • C. mIMCD-3 cells were analyzed between passages 9 and 11 and were maintained in mIMCD-3 medium. Cells were grown to confluence and cultured without FBS prior to stimulation.
Western Blot Analysis.
Cell homogenates (40 μg total protein) were separated by 10% sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-PAGE) and transferred to a nitrocellulose membrane. Blots were washed with H 2 O, blocked with 5% nonfat milk powder in TBST (10 mM Tris-HCl [pH 7.6], 150 mM NaCl, 0.05% Tween-20) for 1 h and incubated with the appropriate primary antibody at the dilutions recommended by the supplier. The membrane was washed, and primary antibodies were detected with an HRP-conjugated secondary antibody. Bands were visualized with enhanced chemiluminescence (Amersham Biosciences, Buckinghamshire, UK). Protein expression levels were determined by analyzing the signals captured on the nitrocellulose membranes by using the Chemi-doc image analyzer (BioRad, Hercules, CA, USA).
Membrane Protein Extraction.
A cellular membrane fraction was prepared with Mem-PER (Pierce, Rockford, IL, USA), according to the manufacturer's instructions and as described by Fukuchi et al. [19] . Cells were harvested and incubated with reagent A for 10 min at room temperature with vortexing. Diluted reagent B and reagent C were sequentially added to lysed cells. The samples were incubated at 4
• C for 30 min and centrifuged at 10,000 ×g for 3 min. The supernatant was incubated for 10 min at 37
• C to separate the membrane protein fraction and then centrifuged at 10,000 ×g for 2 min. The bottom layer was used as the membrane extract.
Preparation of Cytoplasmic and Nucleus Extracts.
The cells were rapidly harvested by sedimentation and nuclear and cytoplasmic extracts were prepared on ice as previously described by the method of Mackman et al. [20] . Cells were harvested and washed with 1 mL buffer A (10 mM HEPES, pH 7.9, 1.5 mM MgCl 2 , 19 mM KCl) for 5 min Evidence-Based Complementary and Alternative Medicine 3 at 600 g. The cells were then resuspended in buffer A and 0.1% NP 40, left for 10 min on ice to lyse the cells and then centrifuged at 600 g for 3 min. The supernatant was saved as cytosolic extract. The nuclear pellet was then washed in 1 mL buffer A at 4,200 g for 3 min, resuspended in 30 μL buffer C (20 mM HEPES, pH 7.9, 25% glycerol, 0.42 M NaCl, 1.5 mM MgCl 2 , 0.2 mM EDTA), rotated for 30 min at 4
• C, then centrifuged at 14,300 g for 20 min. The supernatant was used as nucleus extract. The nucleus and cytosolic extracts were then analyzed for protein content using Bradford assay.
2.7.
Immunofluorescence. mIMCD-3 cells were seeded on sterile slide coverslips in a 60 mm culture dish and treated with 175 mM NaCl, with or without AAM (1-10 μg/mL) in the culture medium for 1 h. After incubation, the medium was removed; subsequently, the cells were fixed with 4% PFA in PBS at room temperature for 5 min and permeabilized with 0.1% Triton X-100 in PBS for 15 min. The cells were overlaid with 1% BSA in PBS and incubated with the AQP2 antibody (1 : 100, Santa Cruz, CA, USA) incubated at 4
• C overnight. The cells were incubated with rhodamine red-conjugated goat anti-rabbit IgG secondary antibody (Invitrogen, CA, USA). The slides were incubated at room temperature for 1 h. Nuclei were stained with 4 ,6-diamino-2-phenylindole (DAPI; Molecular Probes, Inc., Eugene, OR, USA), and the apical plasma membrane was labeled by incubating cells with wheat germ agglutinin (WGA; Alexa Fluor 488 conjugate) (Invitrogen, Eugene, OR, USA) diluted 1 : 500 in PBS. Coverslips were mounted with ProLong Gold Antifade Reagents (Molecular Probes, Eugene, OR, USA) onto glass slides and examined under a fluorescence microscope (Axiovision 4, Zeiss, Germany).
Reverse Transcription-Polymerase Chain Reaction (RT-PCR).
Total RNA was isolated from cultured mIMCD-3 cells using a commercially available kit. The yield and purity of the RNA were confirmed by measuring the ratio of the absorbances at 260 and 280 nm. cDNA was prepared from 500 ng RNA by reverse transcription in a final volume of 20 mL in an Opticon MJ Research instrument. The samples were incubated at 37
• C for 60 min and at 94
• C for 5 min. The following set of primers were used for PCR amplification: AQP1 (forward: 5 -CGGGCTGTCATGTACATCATCGCC-CA-3 , reverse: 5 -CCCAATGAACGGCCCCACCCAGAAA-3 ), AQP2 (for-ward: 5 -CACATCAACCCTGCTGT GAC-3 , reverse: 5 -CAGCTGCATGGTCAGGAAGAG-3 ), AQP3 (forward: 5 -ACTCCAGTGTGGAGGTGGAC-3 , reverse: 5 -GCCCCTAGTTGAGGATCACA-3 ), TonEBP (forward: 5 -AAGACTGAAGATGTTACTCCAATGGAAG-3 , reverse: 5 -AACGTTTGTGCTTGTTCTTGTAGTGG-3 ), SMIT (forward: 5 -AGGGAGGCGTTCACCTCAGG-3 , reverse 5 -AACTCCATCACCAGGCGTGGG-3 ), and GAPDH (forward: 5 -CAAGGCTGAGAATGGGAAGC-3 , reverse: 5 -AGCATGTGGGAACTCAGATC-3 ). Template cDNA and 50 nM primers were added to the PCR Pre-mix according to the manufacturer's instructions (Intron, Korea). The amplification profile was as follows: initial cycling at 94
• C for 15 min, followed by 45 cycles of 94
• C for 20 s, 60
• C for 20 s, and 72
• C for 30 s, and a final extension of 72 • C for 5 min. The PCR products were resolved by 1.2% agarose gel electrophoresis.
Radioimmunoassay (RIA) for cAMP Measurement.
The cAMP levels were determined by a radioimmunoassay, using the protocol developed by Kim et al. [21] . mIMCD-3 cells were incubated for 6 h with AAM in DMEM/F12 medium containing 0.1 mM IBMX and for 10 min in medium supplemented with 175 mM NaCl. After incubation, cAMP production was measured using a ν-counter (1480 Automatic Gamma Counter, PerkinElmer, Finland).
Statistical Analysis.
All the experiments were repeated at least 3 times. The data were analyzed using one-way ANOVA followed by a Dunnett's test or Student's t-test to determine any significant differences. The results were expressed as mean ± S.E. values. P < 0.05 was considered as statistically significant.
Results
Effect of the AAM on Hypertonic Stress-Induced AQPs
and Na + /K + -ATPase Expression in mIMCD-3 Cells. Pretreatment with the AAM significantly decreased the hypertonic stress-induced protein expression of AQP1, AQP2, and AQP3. Specifically, pretreatment with the AAM (10 μg/mL) decreased the hypertonic stress-induced increase in AQP2 and AQP3 expression; however, AQP1 expression was not significantly changed by hypertonic stress. In addition, hypertonic stress-induced increase in the Na + /K + -ATPase α1 subunit was not decreased by the AAM (Figure 1 ). The cytotoxicity of the AAM in mIMCD-3 cells was examined using an MTT assay. mIMCD-3 cells were preincubated with the AAM (1-10 μg/mL) for 24 h, and the MTT assay was performed. The AAM did not alter cell viability at this concentration range (>80% cell viability). The use of the AAM at a concentration greater than 200 μg/mL tended to decrease cell viability, but this change was not significant (data not shown). Therefore, the physiological role of the AAM at noncytotoxic concentrations (less than 200 μg/mL) was examined in mIMCD-3 cells.
Effect of the AAM on Hypertonic Stress-Induced mRNA
Expression of AQPs. AQP1, AQP2, and AQP3 mRNA expression was measured by RT-PCR. As shown in Figure 2 , pretreatment with AAM (1-10 μg/mL) markedly decreased hypertonic stress-induced AQP2 and AQP3 mRNA expression levels, but AQP1 expression did not differ between the NaCl and AAM groups. Therefore, the changes in the mRNA level corresponded to the changes in the protein level.
Effect of the AAM on Hypertonic Stress-Induced Increase in AQP2
Trafficking. Arginine vasopressin (AVP-) induced water osmosis is dependent on the insertion of the AQP2-containing vesicle into the apical membrane [3] . To determine whether the AAM decreases the membrane-targeted insertion of AQP2, the apical membrane expression of AQP2 was examined. The addition of medium supplemented with 175 mM NaCl strongly enhanced the apical membrane insertion of AQP2, whereas AAM decreased insertion by 30% (Figure 3 ). To determine whether the translocation observed in mIMCD-3 cells also reflects a membrane insertion of AQP2, surface membrane proteins were biotinylated before and after stimulation with NaCl. Biotinylated proteins, which were restricted to plasma membrane proteins, were captured using streptavidin-conjugated beads. NaCl produced a significant increase in the biotinylation of AQP2, consistent with an increase in the membrane density of Figure 3 (see Figure 1 in the Supplementary Materials available online at doi:10.1155/2012/650809). AAM markedly attenuated NaClinduced AQP2 biotinylation. Thus, this result confirms that hypertonic stress-induced translocation of AQP2 in mIMCD-3 cells reflects apical membrane insertion. For immunofluorescence microscopy, the cells were fixed and incubated with Alexa Fluor 488-tagged WGA to mark the apical surface; subsequently, they were permeabilized and labeled with AQP2. Microscopy showed that AQP2 (red) was predominantly intracellular in control and isotonic cells and localized to the apical membrane with the plasma membrane marker after stimulation with 175 mM NaCl. However, pretreatment with AAM decreased NaCl-induced AQP2 plasma membrane expression in mIMCD-3 cells (Figure 4) .
Effect of the AAM on Hypertonic Stress-Related Signal
Pathways. To measure changes in the activity of the TonEBP protein, we measured protein expression in mIMCD-3 cells ( Figure 5 ). Confluent mIMCD-3 cells were pretreated with AAM and then treated with 175 mM NaCl. The hypertonic solution significantly increased the TonEBP protein level. The TonEBP in the nuclear fractions of mIMCD-3 decreased after treatment with AAM in a dose-dependent manner. To measure changes in the activity of SMIT and TonEBP, we measured their mRNA expression in mIMCD-3 cells (Figure 6 ). Confluent mIMCD-3 cells were pretreated with the AAM and then treated with 175 mM NaCl. The hypertonic solution significantly increased mRNA expression, whereas treatment with the AAM decreased the expression of SMIT and TonEBP. 
Involvement of cAMP/PKA Pathway in the Inhibitory
Effect of the AAM on Hypertonic Stress-Induced AQP2 Expression. To evaluate the involvement of cAMP/protein kinase A (PKA) pathway on the inhibitory effects of the AAM during hypertonic stress-induced AQP2 expression, the cells were pretreated with forskolin, an adenylate cyclase activator, or AAM and then with 175 mM NaCl. As shown in Figure 7 , pretreatment with forskolin significantly enhanced AQP2 expression under hypertonic stress. In contrast, pretreatment with AAM showed an effect similar to that of KT5720, a cell-permeable-specific competitive inhibitor of PKA, which decreased hypertonic stress-induced AQP2 expression.
To examine the role of cAMP in AQP2 trafficking, mIMCD-3 cells were pretreated with the AAM and then treated with NaCl. NaCl significantly increased cAMP content after 1 min, and the hypertonic stress-induced cAMP production was markedly inhibited by AAM (Figure 8 ).
Discussion
TOM, recognized as one of the numerous complementary and alternative medicine modalities in the West, is very popular in the general population of the Eastern countries. Several special herbal products with low levels of side effects are of great interest as therapy for renal failure [21] [22] [23] [24] . This study demonstrates the beneficial effect of the AAM in the treatment of water imbalance during in vitro hypertonic stress. The classical cAMP/PKA pathway and the recently discovered TonEBP are involved in hypertonic stress-induced AQP2 expression. The AAM may block these signal pathways, resulting in renal homeostasis regulation. Water is driven by an osmotic gradient and moves apically into the cell via AQP2; subsequently, it exits across the basolateral membrane via AQP3 and/or AQP4 [25] . The clinical importance of AQP2 is illustrated by imbalances in body fluid homeostasis that arise from dysregulated AQP2 expression. Decreased AQP2 expression, manifested in nephrogenic diabetes insipidus (NDI), leads to an inability to maximally concentrate urine. NDI patients consequently excrete large amounts of hypotonic urine (up to 20 liters per day) that must be compensated by excessive fluid uptake [26] . Conversely, AQP2 overexpression associated with congestive heart failure, and pregnancy, leads to water retention and increased extracellular fluid volume [27] . Thus, downregulation of the expression of this water channel in the presence of excess salt could contribute to the increased urine flow rate. In this study, hypertonic stress (650 mosmol/kg NaCl) induces an increase in AQP2 and AQP3 expressions; however, their expressions were attenuated by pretreatment with the AAM. The renal collecting duct is involved in urine concentration via a process that is regulated by the antidiuretic hormone [28] . Vasopressin is known to upregulate both AQP2 and AQP3 in the collecting duct, and there is clear evidence that AQP2 and AQP3 are related to changes in vasopressin and water balance [4, 29] . Thus, this result suggests that AAM regulates vasopressin and water balance under hypertonic stress conditions. Upon activation of PKA, AQP2 is phosphorylated and is rapidly redistributed from intracellular vesicles to the apical membrane of the collecting duct principal cells [30] . Na + /K + -ATPase α1-subunit also has a specific effect on the hypertonic condition; however, pretreatment with AAM does not alter Na + /K + -ATPase α1-subunit expression. Therefore, we suggest that the AAM specifically regulates hypertonic stress-induced AQP2 expression in the apical membrane. This proposal is supported by immunofluorescence results, which demonstrated that rhodamine-conjugated AQP2 is predominantly localized in the apical membrane after NaCl stimulation. However, pretreatment with AAM decreased NaCl-induced AQP2 plasma membrane insertion in IMCD-3 cells. In addition, AAM significantly decreased hypertonicity-induced AQP2 expression in membrane protein and biotinylated proteins. We demonstrated that AAM exhibits a primary regulatory role in renal water excretion under hypertonic stress. However, a recent study reported that increased urine output of excess glucocorticoid is not related to alterations in renal AQP water channels [31] . There may be several potential mechanisms underlying the regulation of AQP expression by the AAM under hypertonic stress in mIMCD-3 cells. In this study, pretreatment of AAM decreased hypertonic stress-induced TonEBP nuclear and mRNA expression. Mice expressing dominant-negative restriction of TonEBP to the kidney collecting duct show decreased levels of both UT-A1 urea transporter and AQP2 mRNA [32] . The extent of decreased AQP2 expression is similar in the presence or absence of vasopressin, indicating that TonEBP acts independently of vasopressin-mediated events. In the surviving mice harboring a functionally inactive TonEBP gene, the kidney protein expression levels of TonEBP-targeted genes such as aldose reductase, sodium-myo-inositol cotransporter, and taurine transporter together with AQP2 are lower than those in the wild-type kidney [33] . These results suggest that AAM improves dehydration-induced water imbalance via inhibition of the TonEBP signal pathways in the inner medullary collecting ducts. Currently, the condition underlying hypertonicity remains undefined even though a similar natriuresis is seen following infusion of hypertonic saline. Further studies will be required to develop a precise experimental in vivo model for natriuresis or diuresis.
It has been suggested that hypertonicity depends on the "classical" cAMP/PKA pathway. In the collecting duct, water permeability is chiefly controlled by AVP, leading to Gsα/adenylyl cyclase activation, increased intracellular cAMP concentration, and cAMP/PKA activation. This event induces rapid AQP2 translocation from intracellular storage vesicles to the apical membrane responsible for enhanced apical water permeability [3, 29] . In our study, AAM treatment blocked hypertonic stress-induced cAMP content in a dose-dependent manner. We had previously reported that AQP2 is regulated by the cAMP in osmotic stress response pathway [34] . However, this finding is inconsistent with previous studies by Hasler [26] in which hypertonicity does not increase cAMP concentration or cAMP response element-binding protein (CREB) phosphorylation. PKA is necessary for increase in TonEBP/OREBPmediated transcriptional activity in response to hypertonicity, and hypertonicity-induced activation of PKA is cAMP independent in HepG2 cells [35] . In contrast, PKAindependent cAMP regulation of AQP2 expression has been suggested [13] . We postulate that the modulatory effects of cAMP/PKA-mediated AQP2 expression by hypertonicity are dependent on various incubation time or cell type. Further study of AQP2-related mechanism should prove to be useful for elucidating the complicated steps in the cAMP/PKA pathway under hypertonicity. AAM exhibited a similar effect on the PKA inhibitor, which decreased hypertonic stressinduced AQP2 expression. These results suggested that AAM decreased apical AQP2 expression throughout the inhibition of cAMP/PKA signal pathway and direct/indirect involvement of TonEBP under hypertonic stress in IMCD-3 cells.
Cirrhosis induced by carbon tetrachloride may be associated with the late decompensated stage of liver cirrhosis, characterized by sodium retention, edema, and ascites Figure 7 : Effects of the AAM with forskolin (adenylate cyclase activator) or KT5720 (PKA inhibitor) on hypertonic stress-induced AQP2 expression. The cells were pretreated with forskolin (10 μM), or KT5720 (3 μM) with/without AAM (10 μg/mL), and then cultured in medium supplemented with 175 mM NaCl for 1 h. After treatment, the protein was extracted from the cells, and AQP2 expression was determined by western blot analysis. The values represent the mean ± S.E. values of 3 individual experiments.
* P < 0.05 versus control; # P < 0.005 versus NaCl alone; + P < 0.05 versus the AAM with NaCl. * P < 0.05 versus control; # P < 0.05 versus NaCl. [34, 36] . Thus, the downregulation of AQP2 observed in milder forms of cirrhosis may represent a compensatory mechanism to prevent development of water retention. In contrast, the increased levels of vasopressin seen in severe "noncompensated" cirrhosis with ascites may induce inappropriate upregulation of AQP2 that in turn is involved in the development of water retention. The inhibitory effect of the AAM on the AQP2 water channel in an in vitro model of excess salt concentration suggests a possible approach for cirrhosis treatment. These results provide evidence that A. macrocephala rhizomes could be used to regulate water balance under various pathophysiological conditions in the kidney.
